The relative chemical abundances between CI meteorites and the solar photosphere exhibit a significant trend with condensation temperature. A trend with condensation temperature is also seen when the solar photospheric abundances are compared to those of nearby solar twins. We use both these trends to determine the alteration of the elemental abundances of the meteorties and the photosphere by fractionation and calculate a new set of primordial Solar System abundances.
INTRODUCTION
The Solar System chemical abundances are derived primarily from two sources: CI chondrite meteorites and the solar photosphere (Lodders et al. 2009 ). Gonzalez et al. (2010) showed that their relative abundances display a trend with condensation temperature (Tc), in the sense that the high Tc elements in the solar photosphere are more abundant than they are in meteorites. However, it is not yet been demonstrated whether the source of this trend is the abundance pattern of the photosphere, meteorites or both.
Recently, an extensive suite of solar photospheric chemical abundances have been redetermined by Grevesse et al. (2014) and Scott et al. (2014a,b ) from a careful consideration of all ingredients in the abundance analysis (3D solar atmosphere model, NLTE line formation, selection of lines, atomic/molecular data, etc). We will use these new data to re-examine the meteorite-photosphere relative abundanceTc trend and compare it to the abundance-Tc trend between the Sun and nearby Sun-like stars that have been reported in the literature. In particular, we will quantify the amount of fractionation that the CI chondrite meteorites have experienced relative to the primordial Solar System abundances. We will then use these results to present a new set of meteoritic and photospheric abundances, each set corrected for fractionation effects.
COMPARING PHOTOSPHERIC AND METEORITIC ABUNDANCES

Relative meteoritic-photospheric abundance trend with Tc
Gonzalez (1997) first noted a trend between the difference in the Solar System photospheric and meteoritic abundances and Tc. In Gonzalez (2006) we revisited this topic using the abundance data of Lodders (2003) (2009) . For the present study we make use of the same meteoritic data as in Gonzalez et al. (2010) , adjusted to match the Si abundance in Scott et al. (2014a) ) and the photospheric abundances from Grevesse et al. (2014) and Scott et al. (2014a,b) . We show in Figure 1 the difference between the solar photospheric and meteoritic abundances (∆pm = log(X/H) p − log (X/H) m) plotted against Tc. The figure includes the 50 elements with quoted individual abundance uncertainties 0.10 dex. The errors bars for each element are calculated from the quadrature sum of the individual photospheric and meteoritic uncertainties. The slope from a weighted linear least-squares solution is (7.4 ± 2.5) × 10 −5 dex K −1 , and the adjusted R 2 value is 0.12. 1 This result is nearly identical to that obtained by Gonzalez et al. (2010) .
Although there is considerable scatter evident in the figure, it is important to note that the data points with the largest deviations from the trend line tend to have larger uncertainties, and thus receive less weight in the fit. To test the significance of this result, we produced 10 000 random reorderings of the Tc values associated with each ∆pm value and calculated the adjusted R 2 for each case. Only 0.37% of the simulated datasets produced larger adjusted R 2 values than the actual dataset.
It is also helpful to compare the linear fit shown in Figure Figure 1 . Difference between the solar photospheric and meteoritic elemental abundances (∆pm) is plotted against condensation temperature (Tc). The error bars include the errors from both the solar and meteoritic abundances. The solid line is a weighted least-squares linear fit. The dashed line is the third model described in the text, with a break at 1100 K. dex K −1 , respectively; the adjusted R 2 value is −0.035. Given the scatter in the data evident in Figure 1 , it is not clear whether a simple linear trend over the full range of Tc values is the best model to account for the variance. We also fit a second model, one which assumes a simple step at Tc = 1100 K, with constant values on either side. This model gives an adjusted R 2 value of 0.06, worse than the simple linear model.
Finally, in a third model, we assume a constant value of ∆pm below Tc = 1100, and a linear trend above 1100 K. We find that the constant is −0.037 ± 0.013 dex and the slope above 1100 K is (10.7±3.3)×10 −5 dex K −1 ; the adjusted R 2 value is 0.14. Thus, this model has a slightly better goodness of fit than the other two models. Unfortunately, we are not able to set tight limits on the location of the break; plausible values range from about 1000 to 1400 K. To test the sensitivity of the resultant solution to the location of the break point, we also performed a fit with a break at Tc = 1250 (which we employ below). The constant and slope values for this case are −0.029 ± 0.012 dex and (12.7 ± 4.2) × 10 −5 dex K −1 , respectively; the adjusted R 2 value is 0.12.
DISCUSSION
We showed in the previous section that the pattern of ∆pm with Tc is best explained with a model having a constant value below Tc ∼ 1100 K, and a linear trend above it. While other models can also fit the data, we are not justified in using anything more complex, given the level of scatter. This pattern is similar to that reported for nearby solar twins (Melendez et al. 2009 (Melendez et al. , 2012 . Figure 3 of Melendez et al. (2009) , a plot of solar abundances minus the average of solar twins abundances, shows a break at Tc = 1200 K. They fit a linear trend on each side of the break; the magnitude of the slope for the high-Tc side is 9.5 × 10 −5 dex K −1 . This value is consistent with our fit. The data on the cool side of the break could just as well be fit with a constant value.
In their study of the best-matching solar twin discovered to date, HIP 56948, Melendez et al. (2012) found a similar pattern. However, they found a more shallow slope, 2.1 × 10 −5 dex K −1 , and a cooler break point, Tc ∼ 1000 K. These comparisons show that the same general pattern in the relative abundances between the photosphere and meteorites is also present in the relative abundances between the Sun and nearby solar twins. One is tempted to ascribe the source of this pattern to the Sun's photosphere. Indeed, Melendez et al. (2009) proposed that this pattern is a fingerprint of early planet formation processes in the Solar System. Specifically, they suggested that as the terrestrial planets were forming, the gas in the inner Solar System was partially depleted of highly refractory elements. The depleted gas was eventually accreted onto the Sun, where it left its imprint on the abundance pattern of its photosphere. Chambers (2010) quantified this idea further, finding that the solar twins abundance pattern can be matched with the Sun's abundances if 4 Earth masses of Earth-like and carbonaceous chondrite-like material are added to the Sun's photosphere. This implies that this mix and quantity of material had been removed from the gas in the protoplanetary disk before it was accreted onto the Sun.
This seems like an attractive explanation for the Solar System relative abundance pattern reported in the present work, but the sign of the slope is wrong. The refractory element abundances are enhanced in the photosphere relative to the meteorites! One would expect to find the reverse of this pattern if the Melendez et al. hypothesis is correct. In order to salvage it, one would have to propose either that the meteorites have been depleted in refractory elements as well or that the meteorties are enhanced in volatiles. It is difficult to choose between these ideas without additional evidence for one or the other.
There is a third source of Solar System abundances, sprocess systematics. Grevesse et al. (2014) have adopted theoretical s-process values for the Solar System abundances of Kr and Xe, which lack photospheric spectral lines. s-process systematics can also be useful in studies of the meteoritic isotopic abundance patterns. In particular, several isotopes are known to be produced only by the s-process. These are especially valuable, because they avoid having to know the contributions from the much less well-understood r-and pprocesses.
Bisterzo et al. (2014) have published the results of detailed s-process calculations based on a Galactic chemical evolution model and detailed stellar physics to produce a best match to the Solar System isotopic abundance pattern (based on meteorite data). They noted a few anomalies relative to their best fit case. First, their model underestimates the s-only isotope abundances relative to the Solar System values between A = 90 and 130 by about 25%.
2 They also underestimate the abundance of the s-only isotope 204 Pb by about 13%. The neutron capture cross sections of the Pb isotopes are well known, but the cross section of 204 Tl, which affects the 204 Pb abundance through a branching, is not as well determined (only theoretical estimates exist). Bisterzo et al. (2014) suggested a missing s-process component and neutron capture cross section errors to account for these anomalies. Some could be explained by fractionation of the volatile versus refractory elements in meteorites.
Another approach is to forego the attempt to establish the primordial Solar System abundances using only Solar System data and, instead, bring in data external to the Solar System. This may be our best option, given the evidence that both the solar photospheric and meteoritic abundances are not accurate samples of the primordial abundances. An obvious choice for the external reference is the mean abundance pattern of the nearby solar twins determined by Melendez et al. (2009) . We will not use the detailed element-toelement pattern as the reference but only the trend with Tc. In this way, we can preserve the detailed Solar System abundance pattern while at the same time removing the trends with Tc. Implicit in this approach is the assumption that the average abundance pattern of the solar twins has not been affected by fractionation processes.
We use the abundance trend with Tc from Figure The meteoritic abundances can be corrected by a similar procedure. We begin by defining several quantities:
[X/F e]cm = log(X/F e)cp − log(X/F e) m ∆pm = log(X/H) p − log(X/H) m ∆Fe = log(F e/H) p − log(F e/H) m ∆pmFe = log(X/F e) p − log(X/F e) m = ∆pm − ∆Fe where the 'm' subscript refers to the meteoritic value, and the quantity ∆Fe is equal to 0.02 dex. From these quantities we can solve for [X/Fe] Finally, we can calculate the corrected Solar System meteritic abundance ratios from:
This quantity can be converted into log (X/H) by adding, 7.45, which is the present meteoritic Fe abundance. In addition, we added a constant offset (0.08 dex) to the meteoritic abundances so that the meteoritic Si abundance matches the primordial Si photospheric abundance, which was calculated as described above.
We show [X/Fe] cpf and [X/Fe] cmf plotted against Tc in Figure 3 . In Table 1 we list the primordial meteoritic and photospheric abundances, calculated using the equations from this section. Only those elements included in the present analysis are listed.
It is not surprising that the abundances of a number of elements remain discrepant between the photosphere and meteorites. The scatter evident in Figure 1 is mostly due to sources other than the systematic trend with Tc. At least now we know the extent to which fractionation process have altered the Solar System meteoritic and photospheric abundances. A particularly notable change is the reduction in log (Pb/Sm) by 0.10 dex. This is more than enough to account for the excess in 204 Pb relative to the model of Bisterzo et al. (2014) in their recent s-process calculations. In any case, it will be necessary to perform a new fit to the Solar System s-process element distribution.
CONCLUSIONS
We have shown that the most recent published photospheric and meteoritic Solar System abundances display a significant trend with Tc when compared to each other, confirming previous findings. Both photospheric and meteoritic abundances display trends with Tc when solar analog stars abundances are employed as an external reference.
It has been assumed that CI chondrite meteorites are the least affected by fractionation processes, given their higher volatile/refractory ratio than other meteorite classes (Lodders et al. 2009 ). However, it had not been demonstrated that the CI chondrites are completely lacking in fractionation effects for elements more refractory than H, C, N and O relative to the primordial state. If our finding is confirmed, then a mechanism for this fractionation will need to be sought. 
